Ultrasonic attenuation studies can be used to characterize material not only after production but during processing as well. The most important causes of ultrasonic attenuation in solids are electron-phonon, phonon-phonon interaction and that due to thermo elastic relaxation. The two dominant processes that will give rise to appreciable ultrasonic attenuation at higher temperature are the phonon-phonon interaction also known as Akhiezer loss and that due to thermo elastic relaxation are observed in calcium oxide crystal. At frequencies of ultrasonic range and at higher temperatures in solids, phonon-phonon interaction mechanism is dominating cause for attenuation. Ultrasonic attenuation due to phonon-phonon interaction (α/f 2 ) p-p and thermo elastic relaxation (α/f 2 ) th are evaluated in Calcium Oxide crystal up to an elevated temperature from 100 K -1500 K along <100>, <110> and <111> crystallographic directions. Temperature dependence of ultrasonic attenuation along different crystallographic direction reveals some typical characteristic features.
Introduction
Ultrasonic velocity and attenuation parameters are well connected to the micro structural and mechanical properties of the materials. In recent years, the ultrasonic attenuation techniques [1] [2] [3] [4] are widely used as versatile tool in studying the inherent properties and internal structure of solids. In several types of solids, viz. metallic dielectric and semiconducting crystals, the attenuation occurs due to various causes e.g. lattice imperfection, ferromagnetic and ferroelectric, NMR and thermal relaxation and thermoelastic loss at different temperature regions. The temperature dependent part of ultrasonic attenuation has been explained in terms of model where the acoustic phonon interacts with a number of thermal phonons in the lattice. The most important causes of ultrasonic attenuation in solids are electron-phonon, phonon-phonon interaction and that due to thermo elastic relaxation. The ultrasonic attenuation study of the materials has gained new dimensions with the progress in the material science. In recent years, the ultrasonic attenuation techniques [5] [6] [7] are widely used as versatile tool in studying the inherent properties and internal structure of solids. The two dominant processes that will give rise to appreciable ultrasonic attenuation at higher temperature are the phonon-phonon interaction also known as Akhieser loss [8, 9] and that due to thermo elastic relaxation and are observed in calcium oxide crystal.
Oxides and silicates make up the bulk of the Earth's mantle and crust, and thus it is useful to predict their behaviour. In this work ultrasonic attenuation due to phonon-phonon interaction over frequency (α/f 2 ) Akh and ultrasonic attenuation due to thermo elastic relaxation over frequency (α/f 2 ) th are studied in calcium oxide at an elevated temperatures (100 K -1500 K) along <100>, <110> and <111> crystallographic directions. For the evaluation of the ultrasonic coefficients the second and third order elastic constants (SOECs and TOECs) are also calculated using Coulomb and Born Mayer [10] potentials. Several investigators have given different theories; here the one given by Mason has been used. Mason's theory relates the Gruneisen constants with SOECs and TOECs. The behaviour of ultrasonic absorption and other parameters as a function of higher temperature have been discussed as the characteristic features of calcium oxide.
Formulation
The calcium oxide possesses face centered cubic crystal structure. The potential used for evaluation of second and third order elastic constants (SOECs and TOECs) is taken as the sum of Coulomb and Börn-Mayer potentials.
where Q(C) is the Coulomb potential and Q(B) is the Bӧ rn-Mayer potential, given as
where e is the electronic charge, r is the nearest-neighbour distance, q is the hardness parameter and A is the strength parameter. Following Brügger's [11] definition of elastic constants at absolute zero, second and third order elastic constants (SOECs and TOECs) are obtained. According to lattice dynamics developed by Leibfried and Ludwig, lattice energy changes with temperatures. Hence adding vibrational energy contribution to the static elastic constants, one gets second and third order elastic constants (C ij and C ijk ) at the required temperature.
The expressions for ultrasonic attenuation coefficient due to phonon-phonon interaction [12] over frequency square are as for longitudinal waves
where the condition  th << 1 has already been assumed. Here E 0 is thermal energy density,  is the angular frequency (= 2f), f is frequency of ultrasonic waves, d is the density and V l , V s are the ultrasonic velocities for longitudinal and shear waves respectively, and the ultrasonic attenuation coefficient due to thermal relaxation over frequency
where the condition  th << 1 has already been assumed.
Here E 0 is thermal energy density, f is frequency of ultrasonic waves, d is the density and V l , V s are the ultrasonic velocities for longitudinal and shear waves respectively. Two relaxation times are related as
where  th is the thermal relaxation time for the exchange of acoustic and thermal energy, K is the thermal conductivity, C v is specific heat and D V is the Debye average velocity.
D in eqs. (1) and (2) is given as
where   
Evaluation
The SOECs (C ij ) and TOECs (C ijk ) for Calcium oxide has been evaluated at different temperatures (100 K to 1500 K) following Brugger's approach and are presented in Table 1 at room temperature. Grüneisen parameters have been evaluated using Mason's Grüneisen parameters tables [13] at different temperatures along different crystallographic directions longitudinal (long.) as well as shear with the help of SOECs and TOECs. The nonlinearity constants (D) are evaluated using the average square Grüneisen parameters Table 2 and are given in Table 3 at room temperature along different crystallographic directions. The temperature variations of all these properties are presented graphically in Figures 1-6 . All these calculations have been done using C++ programmes developed by ) is an important physical parameter of solids, which defines a division line between quantum and classical behaviour of phonons, its value for CaO crystal is 648 K. Interpretation of data for ultrasonic attenuation shown in figures is presented in Table 4 through curve fitting. Figure 1 that the value of thermal relaxation time  th is very high at low temperature and decreases as temperature is increased along all crystallographic directions and of the order of 10 -12 sec, which is also expected. Its value is very much at 100 K but as temperature increases it decreases very sharply up to 500 K and after that it decreases very slowly up to 1500 K. At any particular temperature its value is more along <111> direction. From the values of thermal relaxation time, we can check the validity of the condition ω th <<1 in the ultrasonic frequency range. The temperature variation of non-linearity constant is presented in Figure 2 along <100> direction. The value of D l /D s along <100> direction is about 5.34 which is expected for this type of crystals. We can see that ratio of non-linearity constants D l /D s increases with temperature. The D is a measure of acoustic energy converted to thermal energy under the relaxation process, thus the increase in D l /D s with temperature shows that longitudinal loss increases with temperature and vice versa along <100> direction. Along other two directions also the values of D l and D s decreases with temperature in a manner which shows that longitudinal loss increases with temperature.
Results and Discussion
Studies of the ultrasonic absorption in crystals and its dependence on the direction of propagation and wave mode (polarization of the elastic displacement vector) are important from the standpoint of the further development of the theory of sound wave-lattice interactions. The thermal ultrasonic attenuation along different directions is presented in Figure 3 . We can see from the figure that thermal attenuation increases with temperature along all these directions and of the order of 10 -18 Nps 2 /m which is expected for the type of crystal under inspection. At any particular temperature the thermal attenuation along <100> direction is more and is less along all other directions, hence <100> is more suited for the study of thermal ultrasonic attenuation. Figures 4-6 represent the ultrasonic attenuation due to phonon-phonon interaction along <100>, <110> and <111> crystallographic directions respectively. Along all these directions the ultrasonic attenuation increases with increase in temperature, the situation is little different for shear wave along <110> direction (pol.<110>) for which the ultrasonic attenuation decreases with temperature. Among all these three directions the attenuation along <111> direction changes sharply with temperature so the study along <111> crystallographic direction is more reliable for the characterization. From the attenuation values along different directions it is evident that the ultrasonic attenuation is different along different directions i.e. varies with the orientation of the crystal.
Conclusions
From the above results one can reach to the conclusion that the thermal relaxation time, ultrasonic wave velocities and attenuation are the properties which depends on the crystallographic directions or one can say that these properties are orientation dependent which strongly supports the results given by other investigators [14, 15] for the same type of crystals that all these properties are strongly dependent on direction of polarization. The study of ultrasonic attenuation for longitudinal wave along <100> is more important in characterization of the crystal since its magnitude is more along this direction. The rapidly increase in ultrasonic attenuation at higher temperature is interpreted mainly due to increase of density of dislocations. The results obtained in this study can be used for further investigations [16, 17] and industrial research and development purposes.
